Introduction
============

Obesity is a major global public health problem. The global prevalence of obesity in adults increased from 3% in 1975 to 11% in 2016 among men and from 6% to 15% among women. In the US, the prevalence of obesity in adults was 36% for men and 38% for women in 2016 compared with 11% for men and 14% for women in 1975.[@ref1] The U shaped or J shaped relation between body mass index (BMI) and mortality has been well established.[@ref2] [@ref3] However, many previous cohort studies included only a single measurement of BMI, which ignored the dynamic feature of body weight over time. Thus more studies are needed to assess the long term consequences of weight change during certain life periods. A recent meta-analysis of 26 prospective studies in participants aged 40 to 65 years at baseline reported that both weight loss and weight gain from middle adulthood to old age were related to elevated mortality risk.[@ref4] Another meta-analysis of 17 prospective studies in adults aged 60 years or older reached similar conclusions.[@ref5] However, adults gain weight more rapidly from young to middle adulthood, and excess adiposity mostly accrues in this period compared with the period from middle to late adulthood when weight begins to stabilise or even decrease.[@ref6] In addition, preventing weight gain from young to middle adulthood might be more important than promoting weight loss, because achieving long term weight loss and maintaining it are difficult once a person becomes obese.[@ref7] Evaluating the long term effect of weight change, particularly weight gain from young to middle adulthood, on future health is thus important.

Although some previous cohort studies reported that weight gain from young adulthood to either midlife or late adulthood was associated with increased mortality risk,[@ref8] [@ref9] [@ref10] [@ref11] the results were not entirely consistent, with some studies reporting no significant association.[@ref12] [@ref13] Some studies found that weight loss was associated with increased mortality risk,[@ref12] [@ref14] [@ref15] whereas others did not.[@ref10] [@ref11] In addition, some studies had only two measurements of weight (from young adulthood at around 20 years old to the baseline survey),[@ref9] [@ref11] [@ref14] [@ref15] used the trajectory analysis approach when more than two measures of weight were made,[@ref16] [@ref17] or were conducted in specific groups rather than the general population.[@ref10] [@ref13] A previous study in the US National Health and Nutrition Examination Survey (NHANES) 1988-2004 evaluated the relations of all cause mortality with weight status at age 25, at 10 years before baseline, and at the baseline survey among adults with a baseline age of 50-74 years.[@ref18] However, this study focused on the statistical modelling of obesity history and suggested that a duration model performed well in predicting mortality.

Using updated data from NHANES 1988-2014, we aimed to examine the relations of weight changes from young adulthood (age 25 years) to midlife (mean age 47 years) and to late adulthood (mean age 57 years) with all cause and cause specific mortality.

Methods
=======

Study population
----------------

Details of NHANES have been described elsewhere.[@ref19] Briefly, NHANES used a complex, multistage, probability sampling method to collect nationally representative health related data on the US population. It was conducted periodically before 1999 and on a continuous basis thereafter. Data were obtained by in-person interview, mobile physical examination, and laboratory tests.

In the analysis reported here, we included only participants aged 40 or over at the baseline survey---that is, 40 052 participants from the NHANES III (1988-94) and continuous NHANES (1999-2014) datasets, given that death mostly occurred in older adults. We excluded participants who had a household interview but did not participate in the physical examination (n=3198), those without baseline BMI (n=761), and those without mortality data (n=42). Therefore, a total of 36 051 participants remained in our cohort for analysis (supplementary figure A).

Assessments of weight change and covariates
-------------------------------------------

Data on weight at age 25 years and at 10 years before the baseline NHANES survey were recalled at the baseline surveys. Baseline weight and height were measured during mobile physical examination. BMI at age 25 years (BMI~25~), at 10 years before baseline survey (BMI~10prior~; mean age 47 (range 30-80, interquartile range 36-56) years) and at baseline survey (BMI~baseline~; mean age 57 (range 40-90, interquartile range 46-66) years) were calculated as weight (kg) divided by the square of height (m^2^). We categorised each of the three BMI variables into three groups: underweight and normal weight (\<25), overweight (25.0-29.9), and obese (≥30.0).[@ref20] Information on covariates was available through baseline questionnaires, including age, sex, race/ethnicity, education level, family income-poverty ratio, marital status, smoking status, drinking status, leisure time physical activity level, dietary intake data by one or two 24 hour dietary recalls, family history of diabetes or heart attack (because those were consistently collected in various survey cycles), self reported health status, and self reported baseline history of diabetes, hypertension, cardiovascular disease, chronic obstructive pulmonary disease, and cancer.

We created weight change patterns for three time intervals: BMI~25~ to BMI~10prior~, BMI~25~ to BMI~baseline~, and BMI~10prior~ to BMI~baseline~. Using BMI at two time points, we defined five weight change patterns for each interval (supplementary table A): stable normal pattern (\<25.0 at both times), maximum overweight pattern (25.0-29.9 at either time but not ≥30.0 at the other time), obese to non-obese pattern (≥30.0 at younger age and \<30.0 later), non-obese to obese pattern (\<30.0 at younger age and ≥30.0 later), and stable obesity (≥30.0 at both times). The method has been described in detail in a previous publication using NHANES data.[@ref21] On the basis of a recent study by Zheng et al,[@ref11] we also classified absolute weight change in each time interval into five groups: weight loss of at least 2.5 kg, weight change within 2.5 kg (reference group), weight gain of at least 2.5 kg but less than 10.0 kg, weight gain of at least 10 kg but less than 20.0 kg, and weight gain of at least 20.0 kg.

Ascertainment of deaths
-----------------------

We ascertained mortality status by probabilistic matching to the National Death Index through 31 December 2015 using a unique study identifier. Further details of the matching method are available from the National Center for Health Statistics.[@ref22]

We classified causes of deaths according to the codes of ICD-10 (international statistical classification of diseases, 10th revision). Primary outcomes for our study were mortality from all causes, heart diseases (codes I00-I09, I11, I13, and I20-I51), cancer (codes C00-C97), and other causes. Data on mortality from stroke (I60-I69) were available only until 31 December 2011 in the 2011 version of the National Death Index matched mortality dataset.

Statistical analysis
--------------------

We accounted for complex survey design factors for NHANES, including sample weights, clustering, and stratification, whenever feasible as specified in the instructions for using NHANES data.[@ref19] We compared baseline characteristics by weight change patterns in the three intervals by using the Rao-Scott χ^2^ test for categorical variables and analysis of variance adjusted for sampling weights for continuous variables.[@ref23] We calculated Pearson correlation coefficients between BMI at the three time points and weight change in the three intervals. We defined baseline as the time when participants had their physical examinations. We counted person years from baseline to the date of death, loss to follow-up, or 31 December 2015, whichever came first. We used Cox proportional hazards models with time in study as the underlying time metric to calculate the hazard ratios and corresponding 95% confidence intervals for mortality in relation to BMI at each time point and weight change patterns in the three time intervals. We examined the proportional hazards assumption by creating a cross product of follow-up time and weight change patterns. Likelihood ratio tests comparing models with and without this variable were not significant, suggesting no departure from the proportional hazards assumption.

We first examined the relations of BMI at each time point and mortality. In this analysis, we categorised BMI into seven groups---underweight (\<18.5), three categories of normal weight (18.5-19.9, 20.0-22.4, and 22.5-24.9), overweight (25.0-29.9), and two categories of obesity (30.0-34.9 and ≥35.0)---and used 22.5-24.9 as the reference group.[@ref24] For the main analyses, we examined the associations between the five weight change patterns in the three time intervals and mortality: BMI changes from age 25 years to 10 years before baseline (BMI~25~ to BMI~10prior~), which approximated weight change from young to middle adulthood; BMI changes from 10 years before baseline to baseline (BMI~10prior~ to BMI~baseline~), which approximated weight change from midlife to late adulthood; and BMI changes from age 25 years to baseline (BMI~25~ to BMI~baseline~), which approximated weight change during the whole adulthood period. We also investigated the associations between absolute weight change groups in the above three time intervals and mortality risk, as well as the possible non-linear relation by non-parametrically restricted cubic splines.[@ref25] Participants with missing BMI data at certain time points were excluded from the corresponding analysis.

We adjusted for baseline age (years, continuous), sex, and race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, and others) in model 1. We further adjusted for education level (less than high school, high school or equivalent, and college or above), family income-poverty ratio level (0-1.0, 1.1-3.0, \>3.0),[@ref26] marital status (married, separated including widowed and divorced groups, and never married), smoking status (never, former, and current smoker), drinking status (non-drinker, low to moderate drinker defined as drinking \<1 drink/day in women and \<2 drinks/day in men, and heavy drinker defined as ≥1 drink/day in women and ≥2 drinks/day in men),[@ref27] and family history of diabetes or heart attack in model 2. We additionally adjusted for baseline moderate to vigorous leisure time physical activity level (0, 1-2, or ≥3 times/week),[@ref28] dietary pattern represented by the healthy eating index scores (HEI-1995 for NHANES 1988-94 and HEI-2015 for NHANES 1999-2014, both in quarters),[@ref29] and self reported health status (very good to excellent, good, and poor to fair). In the absolute weight change analyses, we also included baseline height and weight at the beginning of the change period as potential confounders in model 2. Finally, we additionally adjusted for baseline histories of diabetes, hypertension, cardiovascular disease, cancer (excluding skin cancer), and chronic obstructive pulmonary disease, as those comorbidities could be mediators for the association between weight change and mortality. Percentages of missing values of covariates were less than 5% except for income (7.2%) and drinking status (5.2%). We did multiple imputation for all missing values.[@ref30] We did stratified analyses and potential effect modifications by baseline age (\<60 and ≥60 years), sex, and smoking status (ever and never smokers). To evaluate the effect on premature death, we examined the relations with deaths occurring before 65 years old, before 70 years old, before 75 years old, and before 80 years old among participants younger than 65 years old at baseline.

We did a series of sensitivity analyses to test the robustness of the results. Firstly, we did a complementary analysis of cardiovascular disease mortality and stroke mortality up to 31 December 2011 among participants from NHANES 1988-2010. Secondly, we removed participants with missing values for covariates and ran complete case analyses. Thirdly, we excluded underweight participants to reduce the influence of underweight on the results. Fourthly, we excluded participants who had follow-up time of less than three years (including those who died within three years of follow-up) or excluded participants with prevalent diabetes, cardiovascular disease, or cancer to minimise potential reverse causation caused by severe illness. Finally, we redefined the weight change patterns by combinations of three BMI categories (underweight and normal weight, overweight, and obesity) in each two time points, which generated a nine category weight change group instead of the five weight change patterns. We used SAS 9.4 for all analyses and considered a two tailed P value of \<0.05 to be statistically significant.

Patient and public involvement
------------------------------

No participants were involved in setting the research questions or outcome measures, or in the design and implementation of the study. No plans exist to involve patients in dissemination.

Results
=======

Baseline characteristics and weight change pattern
--------------------------------------------------

The correlation coefficients between BMI~25~, BMI~10prior~, and BMI~baseline~ ranged from 0.46 to 0.69 (supplementary table B). On average, participants gained 13.4 kg weight from age 25 years to baseline, 8.8 kg from age 25 years to 10 years before baseline, and 4.4 kg in the 10 year period before baseline ([table 1](#tbl1){ref-type="table"}; supplementary tables C and D). From age 25 years to baseline, 26.9% of the participants moved from non-obesity to obesity and they gained 28.2 kg on average, whereas only 1.4% of the participants moved from the obese to non-obese category and they lost 18.6 kg on average ([table 1](#tbl1){ref-type="table"}). From age 25 years to 10 years before baseline, 42.3% of the participants were in the stable normal group and 5.2% were in the stable obese group (supplementary table C). The corresponding numbers were 26.9% and 16.3%, respectively, for the 10 year period before baseline (supplementary table D).

###### 

Baseline characteristics of study participants in NHANES 1988-2014 according to weight change patterns from age 25 years to baseline[\*](#t1n1){ref-type="table-fn"}. Values are numbers (percentages) unless stated otherwise

  Characteristics[†](#t1n2){ref-type="table-fn"}   Total                 Weight change patterns from age 25 years to baseline   P value[‡](#t1n3){ref-type="table-fn"}                                                                         
  ------------------------------------------------ --------------------- ------------------------------------------------------ ---------------------------------------- ------------------------- --------------------- --------------------- ---------
  Participants                                     33 780                8529 (29.1)                                            12 955 (37.7)                            590 (1.4)                 9956 (26.9)           1750 (4.9)            \-
  Mean (95% CI) age, years                         57.1 (56.7 to 57.5)   56.8 (56.2 to 57.4)                                    57.8 (57.4 to 58.3)                      59.9 (58.3 to 61.5)       56.9 (56.5 to 57.3)   53.5 (52.8 to 54.2)   \<0.001
  Women                                            17 157 (52.9)         4799 (63.3)                                            5523 (43.6)                              201 (31.4)                5736 (56.9)           898 (47.8)            \<0.001
  Mean (95% CI) body mass index:                                                                                                                                                                                                               
   At age 25 years                                 23.4 (23.3 to 23.5)   20.8 (20.7 to 20.8)                                    23.1 (23.1 to 23.2)                      32.9 (32.5 to 33.3)       24.3 (24.2 to 24.3)   34.7 (34.4 to 35.0)   \<0.001
   At 10 years before baseline                     26.6 (26.5 to 26.7)   22.2 (22.1 to 22.2)                                    26.0 (25.9 to 26.1)                      30.2 (29.6 to 30.9)       30.1 (29.9 to 30.2)   37.7 (37.1 to 38.3)   \<0.001
   At survey                                       28.2 (28.1 to 28.4)   22.2 (22.2 to 22.3)                                    27.1 (27.0 to 27.1)                      26.4 (26.1 to 26.7)       34.5 (34.3 to 34.6)   39.3 (38.8 to 39.9)   \<0.001
  Mean (95% CI) absolute weight change, kg         13.4 (13.1 to 13.6)   4.1 (3.9 to 4.3)                                       11.0 (10.8 to 11.3)                      --18.6 (−19.9 to −17.3)   28.2 (27.9 to 28.6)   13.1 (11.5 to 14.7)   \<0.001
  Ethnicity:                                                                                                                                                                                                                                   \<0.001
   Non-Hispanic white                              17 164 (78.0)         4826 (80.6)                                            6678 (78.7)                              267 (73.7)                4580 (74.7)           813 (76.5)            
   Non-Hispanic black                              7315 (9.7)            1533 (7.1)                                             2530 (9.0)                               140 (12.1)                2574 (12.6)           538 (14.4)            
   Mexican American                                5731 (4.4)            990 (2.5)                                              2407 (4.7)                               134 (5.9)                 1918 (5.7)            282 (4.9)             
   Others                                          3570 (7.9)            1180 (9.9)                                             1340 (7.5)                               49 (8.3)                  884 (7.0)             117 (4.3)             
  Education:                                                                                                                                                                                                                                   \<0.001
   Less than high school                           11 238 (22.6)         2529 (19.5)                                            4460 (23.1)                              298 (36.2)                3393 (24.9)           558 (21.0)            
   High school or equivalent                       8432 (28.3)           2105 (26.7)                                            3215 (28.3)                              121 (29.4)                2538 (29.5)           453 (30.2)            
   College or above                                14 033 (49.1)         3864 (53.8)                                            5257 (48.6)                              168 (34.4)                4010 (45.5)           734 (48.8)            
  Family income-poverty ratio level:                                                                                                                                                                                                           \<0.001
   0-1.0                                           5419 (10.1)           1289 (9.0)                                             1985 (9.6)                               135 (15.7)                1678 (11.4)           332 (12.0)            
   1.1-3.0                                         13 268 (36.4)         3160 (34.2)                                            5083 (35.3)                              263 (46.6)                4013 (38.6)           749 (43.4)            
   \>3.0                                           12 287 (53.5)         3354 (56.8)                                            4778 (55.1)                              144 (37.7)                3456 (50.1)           555 (44.5)            
  Marital status:                                                                                                                                                                                                                              \<0.001
   Married                                         21 236 (69.0)         5275 (67.9)                                            8421 (71.1)                              342 (64.3)                6186 (68.0)           1012 (66.5)           
   Separated                                       10 010 (25.2)         2614 (26.3)                                            3666 (23.7)                              195 (28.1)                3040 (26.8)           495 (21.7)            
   Never married                                   2215 (5.7)            562 (5.7)                                              745 (5.2)                                48 (7.6)                  632 (5.2)             228 (11.9)            
  Alcohol drinking:                                                                                                                                                                                                                            \<0.001
   Non-drinker                                     12 399 (38.5)         3063 (37.6)                                            4542 (36.4)                              204 (40.6)                3895 (41.7)           695 (42.1)            
   Low to moderate drinker                         16 575 (52.2)         3997 (51.2)                                            6550 (53.7)                              283 (51.2)                4864 (51.1)           881 (52.4)            
   Heavy drinker                                   2610 (9.3)            845 (11.2)                                             1047 (9.9)                               53 (7.6)                  582 (7.2)             83 (5.5)              
  Smoking status:                                                                                                                                                                                                                              \<0.001
   Never smoker                                    16 071 (46.0)         3947 (45.3)                                            5992 (45.2)                              224 (33.3)                4995 (47.6)           913 (50.5)            
   Former smoker                                   10 930 (33.1)         2355 (28.5)                                            4458 (35.1)                              207 (36.2)                3389 (35.3)           521 (32.2)            
   Current smoker                                  6763 (20.9)           2222 (26.2)                                            2500 (19.7)                              158 (30.5)                1567 (17.1)           316 (17.3)            
  Leisure time physical activity level:                                                                                                                                                                                                        \<0.001
   0 times/week                                    16 306 (37.9)         3702 (32.4)                                            5939 (35.4)                              344 (45.9)                5317 (44.8)           1004 (49.2)           
   1-2 times/week                                  6516 (25.4)           1706 (25.9)                                            2578 (26.2)                              76 (16.9)                 1858 (24.7)           298 (23.2)            
   ≥3 times/week                                   10 939 (36.7)         3117 (41.7)                                            4430 (38.4)                              170 (37.3)                2776 (30.5)           446 (27.5)            
  Healthy eating index score:                                                                                                                                                                                                                  \<0.001
   Quarter 1                                       8011 (24.6)           1823 (21.9)                                            2941 (23.6)                              159 (27.9)                2555 (27.8)           533 (29.9)            
   Quarter 2                                       8021 (24.8)           1878 (23.1)                                            3062 (24.9)                              133 (21.9)                2498 (26.3)           450 (26.5)            
   Quarter 3                                       8037 (24.6)           1993 (23.5)                                            3170 (25.6)                              136 (27.0)                2346 (24.4)           392 (23.1)            
   Quarter 4                                       8012 (26.0)           2322 (31.5)                                            3150 (25.9)                              123 (23.3)                2106 (21.5)           311 (20.5)            
  Family history of diabetes or heart attack       16 797 (49.9)         3729 (44.7)                                            6131 (47.6)                              303 (53.8)                5545 (56.3)           1089 (62.3)           \<0.001
  Self reported health:                                                                                                                                                                                                                        \<0.001
   Very good to excellent                          12 477 (46.1)         3850 (55.2)                                            5174 (49.4)                              161 (34.8)                2880 (35.2)           412 (30.3)            
   Good                                            11 795 (33.5)         2751 (29.0)                                            4445 (32.3)                              190 (31.4)                3772 (39.2)           637 (39.0)            
   Poor to fair                                    9492 (20.4)           1925 (15.8)                                            3332 (18.3)                              239 (33.9)                3295 (25.6)           701 (30.7)            
  Self reported chronic diseases:                                                                                                                                                                                                              
   Diabetes                                        4951 (10.3)           604 (4.5)                                              1609 (8.4)                               170 (16.9)                2020 (15.9)           548 (26.4)            \<0.001
   Hypertension                                    12 489 (32.3)         2096 (19.0)                                            4489 (30.6)                              242 (33.6)                4740 (45.3)           922 (53.0)            \<0.001
   Cardiovascular diseases                         5112 (11.6)           1054 (8.7)                                             1916 (11.5)                              150 (20.6)                1639 (13.8)           353 (16.3)            \<0.001
   Chronic obstructive pulmonary diseases          3028 (9.5)            797 (9.7)                                              986 (7.9)                                65 (15.6)                 998 (11.1)            182 (10.4)            \<0.001
   Cancer[§](#t1n4){ref-type="table-fn"}           3215 (8.5)            841 (8.7)                                              1246 (8.4)                               61 (8.4)                  922 (8.9)             145 (7.2)             0.35

All estimates accounted for complex survey designs. 2271 participants were excluded because of missing body mass index at age 25 years.

77, 2806, 319, 2196, 16, 19, 1699, and 16 participants had missing information for baseline education level, family income-poverty ratio, marital status, alcohol drinking, smoking status, leisure time physical activity level, healthy eating index score, and self reported health, respectively.

For categorical variables, P value was calculated by Rao-Scott χ^2^ test, which is design adjusted version of Pearson χ^2^ test. For continuous variables, analysis of variance adjusting for sampling weights was used to calculate P value.

Skin cancer was not included.

[Table 1](#tbl1){ref-type="table"} shows baseline characteristics of study participants across weight change patterns from age 25 years to baseline. Compared with people in the stable normal group, those in the other groups were more likely to be men, non-Hispanic black or Mexican American, less educated, poor, and former smokers and more likely to report a family history of diabetes or heart attack and prevalent diabetes, hypertension, or cardiovascular disease; they were less likely to be heavy drinkers or physically active, to have good diet quality, and to report very good to excellent health status. Participants in the stable obese group tended to be younger, whereas those in the obese to non-obese category and maximum overweight category tended to be older, and those in the non-obese to obese category were not significantly different from the stable normal group. Participants in the obese to non-obese group were more likely to be current smokers, whereas the other three weight change groups were less likely to be current smokers compared with the stable normal group. The distributions of participants' characteristics according to the weight change pattern in the other two time periods are shown in supplementary tables C and D, and the distribution patterns were generally similar except for some inconsistent patterns in age and smoking status.

Relations of weight and weight change patterns with mortality
-------------------------------------------------------------

Among 36 051 participants, 10 500 deaths occurred during a mean follow-up of 12.3 years (358 980 person years), including 2287 deaths from heart diseases and 2316 from cancer. When evaluating the weight status at each time point (supplementary table E), we found a linear association between BMI at age 25 years and mortality. Overweight and obesity were significantly associated with increased risks of all cause mortality, whereas underweight showed no association. When the participants got older, the association started to change to a U shape; the association between underweight and mortality became significant and stronger, whereas the association with obesity was substantially attenuated and the association with overweight became null. We found similar results when we excluded participants with prevalent diabetes, cardiovascular disease, or cancer at the specific time point or restricted the analysis to never smokers (supplementary table E).

[Table 2](#tbl2){ref-type="table"} shows the association between weight change patterns in the three periods and mortality risk, using the stable normal group as the reference. As expected, stable obese participants had increased risks of all cause mortality across adulthood, with hazard ratios of 1.72 (95% confidence interval 1.52 to 1.95) from age 25 years to 10 years before baseline, 1.61 (1.41 to 1.84) from age 25 years to baseline, and 1.20 (1.09 to 1.32) in the 10 year period before baseline. Moving from the non-obese range at age 25 years to the obese range at 10 years before baseline was associated with a 22% higher risk of all cause mortality (hazard ratio 1.22, 1.11 to 1.33), whereas the hazard ratio was 1.01 (0.92 to 1.11) for the period from age 25 years to baseline and 1.01 (0.88 to 1.15) in the 10 year period before baseline. The maximum overweight group showed a null association in all three time intervals, with hazard ratios of 1.05 (0.98 to 1.12), 0.92 (0.84 to 1.00), and 0.93 (0.84 to 1.02). Changing from obesity to non-obesity in the 10 year period before baseline was associated with a 30% higher risk of all cause mortality (hazard ratio 1.30, 1.16 to 1.45); the hazard ratio was 1.22 (0.87 to 1.69) from age 25 years to 10 years before baseline and 1.13 (0.86 to 1.49) from age 25 years to baseline.

###### 

Hazard ratios (95% CIs) of mortality with weight change patterns across adulthood in NHANES 1988-2014[\*](#t2n1){ref-type="table-fn"}

  Cause of death                                                Weight change patterns                                                                     
  ------------------------------------------------------------- ------------------------ --------------------- --------------------- --------------------- ---------------------
  **From age 25 years to 10 years before baseline**                                                                                                        
  All causes:                                                                                                                                              
   No of deaths/person years                                    3075/132 955             3821/126 939          159/3688              1827/54 259           516/16 133
   Age adjusted mortality rate[†](#t2n2){ref-type="table-fn"}   26.3 (25.4 to 27.3)      27.6 (26.7 to 28.5)   38.2 (32.1 to 44.2)   30.1 (28.7 to 31.5)   38.7 (35.2 to 42.1)
   Model 1                                                      1.00                     1.04 (0.98 to 1.12)   1.43 (1.06 to 1.92)   1.30 (1.18 to 1.42)   1.84 (1.63 to 2.08)
   Model 2                                                      1.00                     1.07 (1.01 to 1.14)   1.32 (0.95 to 1.83)   1.32 (1.21 to 1.45)   1.90 (1.69 to 2.14)
   Model 3                                                      1.00                     1.05 (0.98 to 1.12)   1.22 (0.87 to 1.69)   1.22 (1.11 to 1.33)   1.72 (1.52 to 1.95)
  Heart diseases:                                                                                                                                          
   No (%) deaths                                                569 (31.7)               862 (41.3)            33 (1.1)              409 (19.3)            139 (6.5)
   Model 1                                                      1.00                     1.18 (1.02 to 1.38)   1.06 (0.67 to 1.67)   1.61 (1.32 to 1.96)   2.68 (2.04 to 3.53)
   Model 2                                                      1.00                     1.22 (1.05 to 1.41)   0.94 (0.57 to 1.55)   1.62 (1.32 to 1.99)   2.70 (2.07 to 3.53)
   Model 3                                                      1.00                     1.19 (1.02 to 1.39)   0.85 (0.49 to 1.48)   1.49 (1.21 to 1.83)   2.43 (1.84 to 3.20)
  Cancer:                                                                                                                                                  
   No (%) deaths                                                787 (40.1)               868 (38.2)            27 (1.3)              378 (16.8)            90 (3.7)
   Model 1                                                      1.00                     0.96 (0.83 to 1.11)   1.10 (0.60 to 2.02)   1.20 (0.97 to 1.48)   1.08 (0.81 to 1.43)
   Model 2                                                      1.00                     1.01 (0.88 to 1.16)   1.04 (0.56 to 1.91)   1.26 (1.02 to 1.56)   1.17 (0.89 to 1.54)
   Model 3                                                      1.00                     0.99 (0.86 to 1.15)   0.97 (0.53 to 1.79)   1.20 (0.96 to 1.50)   1.11 (0.85 to 1.47)
  Other causes:                                                                                                                                            
   No (%) deaths                                                1719 (37.5)              2091 (3.9.3)          99 (1.9)              1040 (16.2)           287 (5.1)
   Model 1                                                      1.00                     1.04 (0.96 to 1.13)   1.71 (1.14 to 2.55)   1.25 (1.11 to 1.40)   1.97 (1.61 to 2.41)
   Model 2                                                      1.00                     1.06 (0.97 to 1.15)   1.62 (1.08 to 2.43)   1.26 (1.12 to 1.41)   2.01 (1.65 to 2.46)
   Model 3                                                      1.00                     1.03 (0.94 to 1.12)   1.49 (0.98 to 2.24)   1.14 (1.01 to 1.29)   1.79 (1.46 to 2.20)
  **From age 25 years to baseline**                                                                                                                        
  All causes:                                                                                                                                              
   No of deaths/person years                                    2677/87 892              3915/131 968          264/4923              2302/98 464           423/15 156
   Age adjusted mortality rate[†](#t2n2){ref-type="table-fn"}   29.1 (28.0 to 30.2)      27.8 (26.9 to 28.7)   45.2 (39.5 to 50.8)   26.0 (24.9 to 27.2)   36.3 (32.6 to 40.1)
   Model 1                                                      1.00                     0.91 (0.84 to 0.99)   1.38 (1.10 to 1.73)   1.08 (0.99 to 1.17)   1.68 (1.48 to 1.92)
   Model 2                                                      1.00                     0.94 (0.86 to 1.02)   1.24 (0.95 to 1.60)   1.10 (1.01 to 1.20)   1.79 (1.57 to 2.04)
   Model 3                                                      1.00                     0.92 (0.84 to 1.00)   1.13 (0.86 to 1.49)   1.01 (0.92 to 1.11)   1.61 (1.41 to 1.84)
  Heart diseases:                                                                                                                                          
   No (%) deaths                                                534 (28.2)               846 (38.9)            66 (1.8)              498 (25.3)            110 (5.7)
   Model 1                                                      1.00                     0.97 (0.82 to 1.16)   1.26 (0.86 to 1.84)   1.22 (1.02 to 1.46)   2.31 (1.70 to 3.15)
   Model 2                                                      1.00                     0.99 (0.83 to 1.18)   1.07 (0.71 to 1.61)   1.22 (1.03 to 1.45)   2.39 (1.78 to 3.21)
   Model 3                                                      1.00                     0.97 (0.81 to 1.16)   0.97 (0.63 to 1.50)   1.14 (0.95 to 1.35)   2.15 (1.58 to 2.92)
  Cancer:                                                                                                                                                  
   No (%) deaths                                                604 (30.3)               919 (38.9)            47 (1.5)              545 (25.8)            73 (3.4)
   Model 1                                                      1.00                     0.92 (0.79 to 1.07)   1.04 (0.67 to 1.62)   1.05 (0.92 to 1.21)   1.05 (0.75 to 1.48)
   Model 2                                                      1.00                     0.98 (0.83 to 1.14)   0.96 (0.61 to 1.49)   1.12 (0.97 to 1.29)   1.19 (0.86 to 1.65)
   Model 3                                                      1.00                     0.96 (0.82 to 1.12)   0.90 (0.58 to 1.40)   1.06 (0.92 to 1.22)   1.12 (0.80 to 1.55)
  Other causes:                                                                                                                                            
   No (%) deaths                                                1539 (31.5)              2150 (37.7)           151 (2.2)             1259 (23.9)           240 (4.7)
   Model 1                                                      1.00                     0.89 (0.81 to 0.98)   1.58 (1.21 to 2.08)   1.05 (0.94 to 1.17)   1.80 (1.45 to 2.22)
   Model 2                                                      1.00                     0.91 (0.83 to 1.00)   1.44 (1.06 to 1.95)   1.06 (0.95 to 1.19)   1.89 (1.53 to 2.33)
   Model 3                                                      1.00                     0.88 (0.80 to 0.98)   1.30 (0.94 to 1.80)   0.97 (0.85 to 1.10)   1.68 (1.35 to 2.08)
  **From 10 years before baseline to baseline**                                                                                                            
  All causes:                                                                                                                                              
   No of deaths/person years                                    2362/81 771              3924/131 762          852/16 428            1137/58 251           1652/56 972
   Age adjusted mortality rate[†](#t2n2){ref-type="table-fn"}   28.7 (27.5 to 29.9)      27.8 (26.9 to 28.7)   40.5 (37.7 to 43.4)   25.3 (23.7 to 26.9)   29.7 (28.2 to 31.2)
   Model 1                                                      1.00                     0.93 (0.85 to 1.02)   1.46 (1.27 to 1.68)   1.07 (0.95 to 1.20)   1.27 (1.15 to 1.40)
   Model 2                                                      1.00                     0.96 (0.88 to 1.05)   1.43 (1.27 to 1.60)   1.09 (0.95 to 1.25)   1.32 (1.21 to 1.45)
   Model 3                                                      1.00                     0.93 (0.84 to 1.02)   1.30 (1.16 to 1.45)   1.01 (0.88 to 1.15)   1.20 (1.09 to 1.32)
  Heart diseases:                                                                                                                                          
   No (%) deaths                                                462 (24.9)               851 (37.4)            207 (7.3)             243 (11.9)            382 (18.5)
   Model 1                                                      1.00                     0.94 (0.79 to 1.13)   1.70 (1.32 to 2.19)   1.10 (0.89 to 1.35)   1.56 (1.27 to 1.92)
   Model 2                                                      1.00                     0.97 (0.81 to 1.15)   1.63 (1.27 to 2.10)   1.11 (0.90 to 1.35)   1.60 (1.31 to 1.95)
   Model 3                                                      1.00                     0.93 (0.78 to 1.12)   1.48 (1.14 to 1.92)   1.03 (0.84 to 1.26)   1.44 (1.18 to 1.76)
  Cancer:                                                                                                                                                  
   No (%) deaths                                                567 (27.8)               892 (38.5)            138 (4.8)             273 (13.2)            354 (15.7)
   Model 1                                                      1.00                     0.91 (0.76 to 1.10)   1.13 (0.85 to 1.51)   0.95 (0.75 to 1.21)   1.14 (0.95 to 1.35)
   Model 2                                                      1.00                     0.96 (0.80 to 1.15)   1.14 (0.88 to 1.48)   1.00 (0.79 to 1.28)   1.25 (1.04 to 1.49)
   Model 3                                                      1.00                     0.94 (0.78 to 1.13)   1.08 (0.83 to 1.39)   0.95 (0.74 to 1.21)   1.17 (0.98 to 1.40)
  Other causes:                                                                                                                                            
   No (%) deaths                                                1333 (27.2)              2181 (38.1)           507 (6.3)             621 (13.4)            916 (15.1)
   Model 1                                                      1.00                     0.93 (0.85 to 1.03)   1.52 (1.26 to 1.84)   1.12 (0.96 to 1.31)   1.23 (1.09 to 1.40)
   Model 2                                                      1.00                     0.96 (0.87 to 1.06)   1.47 (1.24 to 1.74)   1.14 (0.96 to 1.35)   1.27 (1.12 to 1.44)
   Model 3                                                      1.00                     0.92 (0.83 to 1.03)   1.32 (1.12 to 1.56)   1.04 (0.87 to 1.24)   1.13 (0.99 to 1.30)

All estimates accounted for complex survey designs. Among 36 051 participants, a total of 2751, 2271, and 1469 participants were excluded in analyses from age 25 years to 10 years before baseline, age 25 years to baseline, and 10 years before baseline to baseline, respectively, owing to missing values of body mass index at both times. Model 1 was adjusted for baseline age, sex, race/ethnicity. Model 2 was additionally adjusted for education level, family income-poverty ratio level, marital status, drinking and smoking status, and family history of diabetes or heart attack. Model 3 was further adjusted for baseline leisure time physical activity level, healthy eating index scores, and self reported general health.

Mortality rates per 1000 person years, directly standardised to age distribution of entire study population.

We observed similar patterns of results for mortality from heart disease ([table 2](#tbl2){ref-type="table"}) and cardiovascular disease (supplementary table F), but with slightly stronger effect estimates. For example, the hazard ratio for heart disease mortality was 2.43 (1.84 to 3.20) for stable obesity from age 25 years to 10 years before baseline, 2.15 (1.58 to 2.92) from age 25 years to baseline, and 1.44 (1.18 to 1.76) in the 10 year period before baseline. Likewise, participants who were non-obese at age 25 years but became obese at 10 years before baseline had a hazard ratio of 1.49 (1.21 to 1.83) for heart disease mortality. In addition, the associations with cardiovascular disease mortality were mainly driven by heart disease mortality rather than stroke mortality (supplementary table F). However, the sample size was much smaller for stroke mortality. We found no significant associations between BMI change and cancer mortality for all weight change groups in each time interval ([table 2](#tbl2){ref-type="table"}). For deaths from other causes, the results were generally similar to those for all cause mortality.

Further adjustment for baseline comorbidities attenuated the associations, but most significant associations remained (supplementary table G). The results were almost unchanged when we removed participants with missing values for covariates, excluded underweight participants, excluded participants who had less than three years of follow-up time, or excluded participants with prevalent diabetes, cardiovascular disease, or cancer (supplementary table H). Because the maximum overweight group was a heterogeneous group with people in the stable overweight group, overweight to normal group, and normal to overweight group, we further classified participants into the nine category weight change groups (supplementary figure B). Compared with the stable normal group, stable overweight was not significantly associated with mortality risk except for an inverse association in the 10 year period before baseline (hazard ratio 0.89, 0.80 to 0.98); the overweight to normal pattern was consistently associated with higher mortality risk in the three time periods (hazard ratio ranged from 1.21 to 1.28), whereas the normal to overweight pattern was associated with lower mortality risk from age 25 years to baseline (hazard ratio 0.88, 0.80 to 0.96) and in the 10 year period before baseline (0.85, 0.75 to 0.95), but not from age 25 years to 10 years before baseline.

In the stratified analyses, we found significant interactions with baseline age but not with smoking status and sex ([fig 1](#f1){ref-type="fig"}), and the associations were stronger among participants who were less than 60 years old at baseline compared with their counterparts. When stratified by age at death, the associations were similar to our main results (supplementary table I).

![Associations between weight change patterns across adulthood and risk of all cause mortality stratified by baseline age, smoking status, and sex in NHANES 1988-2014. Risk estimates were adjusted for baseline age (not adjusted in subgroup analysis by age), sex (not adjusted in subgroup analysis by sex), race/ethnicity, education level, family income-poverty ratio level, marital status, drinking status, smoking status (not adjusted in subgroup analysis by smoking status), leisure time physical activity level, healthy eating index scores, self reported general health, and family history of diabetes or heart attack. All estimates accounted for complex survey design of NHANES. In analysis of weight change from age 25 years to 10 years before baseline, P for interaction was \<0.001 for baseline age group (\<60 and ≥60 years old), 0.97 for smoking status (never and ever smokers), and 0.84 for sex. In analysis of weight change from age 25 years to baseline, corresponding P values for interaction were \<0.001, 0.68, and 0.86. In analysis of weight change in 10 year period before baseline, corresponding P values for interaction were \<0.001, 0.44, and 0.77](chec050369.f1){#f1}

When evaluating the absolute weight changes, we identified a J shaped or U shaped association for all cause mortality with weight change across the three time intervals ([fig 2](#f2){ref-type="fig"}). When classified into categories ([table 3](#tbl3){ref-type="table"}), the hazard ratios for all cause mortality in the extreme weight gain (weight gain ≥20 kg) group were 1.19 (1.07 to 1.32) from age 25 years to 10 years before baseline, 1.04 (0.94 to 1.15) from age 25 years to baseline, and 1.36 (1.17 to 1.57) in the 10 year period before baseline, compared with the stable weight group (weight change within 2.5 kg). Moderate to large weight gain (weight gain ≥10 kg and \<20 kg) and small to moderate weight gain (weight gain ≥2.5 kg and \<10 kg) were not significantly associated with all cause mortality in any of the three time intervals. Participants who lost more than 2.5 kg from age 25 years to baseline had a hazard ratio of 1.19 (1.04 to 1.35) for all cause mortality, with a hazard ratio of 1.26 (1.14 to 1.39) in the 10 year period before baseline, whereas the association was not significant from age 25 years to 10 years before baseline (hazard ratio 1.10, 0.94 to 1.28). The non-linear associations (J shaped or U shaped) between absolute weight change and cause specific mortality were observed in the three time intervals, except that neither a linear nor a non-linear association was found for heart disease mortality with weight change from age 25 years to 10 years before baseline (supplementary figure C).

![Dose-response association between absolute weight change across adulthood and risk of all cause mortality. Associations were examined by multivariable Cox regression models based on restricted cubic splines. Solid line represents estimates of hazard ratios and dashed line represents 95% CIs. Risk estimates were adjusted for baseline age, sex, race/ethnicity, education level, family income-poverty ratio level, marital status, drinking and smoking status, leisure time physical activity level, healthy eating index scores, self reported general health, and family history of diabetes or heart attack. For weight change from age 25 years to 10 years before baseline or to baseline, weight at age 25 and baseline height were also adjusted for. For weight change from 10 years before baseline to baseline, weight at 10 years previously and baseline height were also adjusted for. P values for overall association and P values for non-linear association were all \<0.001 in three periods](chec050369.f2){#f2}

###### 

Hazard ratios (95% CIs) of all cause mortality with absolute weight change groups across adulthood in NHANES 1988-2014[\*](#t3n1){ref-type="table-fn"}

  All cause mortality                                          Weight change in three life periods                                                                     
  ------------------------------------------------------------ ------------------------------------- --------------------- --------------------- --------------------- ---------------------
  **From age 25 years to 10 years before baseline**                                                                                                                    
  No of deaths/person years                                    755/18 364                            2146/83 396           2643/108 375          2174/76 212           1680/47 628
  Age adjusted mortality rate[†](#t3n2){ref-type="table-fn"}   36.9 (34.3 to 39.6)                   30.0 (28.7 to 31.3)   26.1 (25.1 to 27.1)   26.0 (24.9 to 27.1)   31.0 (29.4 to 32.5)
  Model 1                                                      1.30 (1.10 to 1.53)                   1.00                  0.90 (0.82 to 0.99)   0.95 (0.86 to 1.05)   1.16 (1.04 to 1.30)
  Model 2                                                      1.08 (0.92 to 1.27)                   1.00                  0.97 (0.87 to 1.07)   1.05 (0.94 to 1.17)   1.28 (1.15 to 1.42)
  Model 3                                                      1.10 (0.94 to 1.28)                   1.00                  0.96 (0.88 to 1.06)   1.01 (0.91 to 1.12)   1.19 (1.07 to 1.32)
  **From age 25 years to baseline**                                                                                                                                    
  No of deaths/person years                                    1801/32 451                           1059/31 534           2027/76 207           2417/98 014           2277/100 197
  Age adjusted mortality rate[†](#t3n2){ref-type="table-fn"}   44.4 (42.2 to 46.6)                   29.1 (27.3 to 30.9)   26.5 (25.4 to 27.7)   25.6 (24.6 to 26.6)   25.7 (24.5 to 26.8)
  Model 1                                                      1.44 (1.26 to 1.64)                   1.00                  0.97 (0.86 to 1.09)   0.91 (0.82 to 1.02)   1.09 (0.98 to 1.21)
  Model 2                                                      1.20 (1.04 to 1.38)                   1.00                  1.00 (0.89 to 1.12)   0.99 (0.89 to 1.10)   1.14 (1.03 to 1.27)
  Model 3                                                      1.19 (1.04 to 1.35)                   1.00                  0.99 (0.90 to 1.10)   0.96 (0.86 to 1.06)   1.04 (0.94 to 1.15)
  **From 10 years before baseline to baseline**                                                                                                                        
  No of deaths/person years                                    3853/77 387                           2205/72 259           2184/101 632          1115/62 767           570/31 138
  Age adjusted mortality rate[†](#t3n2){ref-type="table-fn"}   38.5 (37.2 to 39.7)                   25.5 (24.4 to 26.6)   23.6 (22.6 to 24.6)   25.4 (23.7 to 27.1)   28.5 (25.3 to 31.6)
  Model 1                                                      1.49 (1.35 to 1.64)                   1.00                  0.99 (0.91 to 1.07)   1.14 (1.04 to 1.25)   1.68 (1.43 to 1.97)
  Model 2                                                      1.29 (1.16 to 1.42)                   1.00                  1.00 (0.92 to 1.08)   1.11 (1.01 to 1.22)   1.54 (1.31 to 1.82)
  Model 3                                                      1.26 (1.14 to 1.39)                   1.00                  0.99 (0.91 to 1.07)   1.04 (0.94 to 1.15)   1.36 (1.17 to 1.57)

All estimates accounted for complex survey designs. Among 36 051 participants, a total of 2751, 2271, and 1469 participants were excluded in analyses from age 25 years to 10 years before baseline, age 25 years to baseline, and 10 years before baseline to baseline, respectively, owing to missing values of body mass index at both times. Model 1 was adjusted for baseline age, sex, race/ethnicity. Model 2 was additionally adjusted for education level, family income-poverty ratio level, marital status, drinking and smoking status, and family history of diabetes or heart attack. For weight change from age 25 years to 10 years before baseline or to baseline, weight at age 25 and baseline height were also adjusted in model 2. For weight change from 10 years before baseline to baseline, weight at 10 years ago and baseline height were also adjusted in model 2. Model 3 was further adjusted for baseline leisure time physical activity level, healthy eating index scores, and self reported general health.

Mortality rates per 1000 person years, directly standardised to age distribution of entire study population.

Discussion
==========

In this large prospective study of nationally representative US adults, the lowest risk of mortality was in stable normal participants, whereas both stable obesity across adulthood and weight gain from young to middle adulthood were associated with increased risk of mortality; in addition, weight loss from middle to late adulthood was significantly related to increased mortality risk. The findings underscore the importance of maintaining normal weight across adulthood, especially the prevention of weight gain in early adulthood, for reducing mortality risk in later life.

Comparison with other studies
-----------------------------

The association between BMI and mortality has been extensively studied in many prospective cohort studies. However, most studies were conducted in middle aged or older participants and in general a U shaped association was reported.[@ref2] In our study, we reached a similar conclusion by using the baseline BMI as the exposure when the mean age of the participants was 57 years old. However, our study and several other studies have clearly shown that BMI in early adulthood is linearly associated with higher risk of mortality in later life.[@ref15] [@ref31] [@ref32] In addition, we found that approximately 80% of the participants who were obese in young adulthood remained obese in middle or late adulthood (data not shown), so our results are also consistent with previous studies showing that longer duration of obesity was associated with higher mortality risk.[@ref18] [@ref33] In addition to the obesity status at a single time point, more studies are now focusing on changes in body weight and health outcomes because weight changes are common across adulthood. Several studies with repeated measures of BMI have reported that both weight loss and weight gain in middle aged and older adults were associated with increased mortality risk, and a 45% and 7% higher risk of all cause mortality was reported in a meta-analysis of 26 cohort studies in middle aged and older adults.[@ref4] We also saw similar findings in our recent analysis in the Singapore Chinese population.[@ref34] In the study reported here, stable obesity and weight loss from an obese to a non-obese pattern from middle to late adulthood had a 20% and 30% higher mortality risk respectively. Extreme weight gain (≥20 kg) in the 10 years before baseline was associated with a 36% higher mortality risk, whereas low to moderate weight gain (ranging from 2.5 kg to 20 kg) or weight gain from non-obese to obese BMI was not significantly associated with mortality risk. Therefore, the results were overall consistent with the previous studies.[@ref4]

Our study has the unique feature of examining the weight change patterns across adulthood and mortality risk in later life. We found that the relations of stable obesity and weight gain from non-obese to obese BMI with mortality were generally stronger from young to middle adulthood than from middle to late adulthood. Weight gain in adults mostly occurs from young to middle adulthood, but studies in this critical period are still lacking.[@ref35] A study in 1657 Finnish men with mean baseline age of 47 years reported that mortality risk was significantly increased in the highest quarter of weight gain (≥15.0 kg) from age 25 years to baseline compared with the lowest quarter.[@ref8] In the Southern Community Cohort study with 56 868 US participants aged 40-65 at baseline, Hirko et al reported that being obese at 21 years old only or in both young and middle adulthood was significantly associated with higher mortality risk, but weight gain from non-obesity to obesity was not.[@ref15] The reasons for the inconsistent results might be that this study used stable non-obesity as the reference group and most of the participants were black Americans, in whom the authors previously reported that obesity in mid to late adulthood was not associated with higher mortality risk.[@ref36] Using data from the National Institutes of Health-AARP cohort with 109 947 never smokers aged 50-71 years at entry, Adams et al found that weight gain was positively related to mortality, with stronger associations for weight gain from age 18 to 35 years and from 35 to 50 years than from age 50 to 69 years.[@ref10] The National Institutes of Health-AARP study also found that weight loss in late adulthood, but not in early adulthood, was significantly associated with increased mortality risk. Our results are consistent with these studies and indicate that avoiding obesity at young age and preventing weight gain from young to middle adulthood could be an important strategy to reduce future mortality risk.

Several studies have also investigated the relation of weight change from young to late adulthood and mortality risk, but the results were not entirely consistent. Some studies found that weight gain over this period was associated with increased risk of all cause mortality,[@ref9] [@ref10] [@ref11] whereas other studies reported that weight loss, but not weight gain, was related to increased mortality risk,[@ref12] [@ref37] which was similar to our results. The inconsistency might be due to the differences in sample size (ranging from 2512 to 118 140) and substantial variations in the definitions of weight change across studies, which make direct comparisons difficult. In addition, the baseline age varied in different studies and previous studies showed that the obesity-mortality association tended to decline with increasing age.[@ref38] [@ref39] As also shown in our study, the association between weight gain and mortality attenuated as people got older, whereas the association with weight loss became stronger and significant in middle to late adulthood.

In this study, we found that both weight gain from non-obesity in young adulthood to obesity in middle adulthood and weight loss from obesity in middle adulthood to non-obesity in late adulthood were associated with higher risk of heart disease mortality. The results were consistent with some previous studies of cardiovascular disease mortality.[@ref11] [@ref40] Weight change patterns were not significantly associated with cancer mortality across adulthood in our study, but we did not have data on incident cancer or site specific cancer mortality, so more studies are still needed to examine the relations between weight change and cancer risk. In our study, maximum overweight was generally not significantly related to mortality risk. This weight change pattern consisted of three heterogeneous groups, and the results should be interpreted cautiously. The positive relations of stable overweight and normal to overweight patterns with mortality were attenuated or even reversed with increasing age, which was consistent with our main recommendation of preventing weight gain at an early age. Weight loss from overweight to normal weight was consistently associated with higher risk of mortality across adulthood, and more studies are needed to confirm the results in other populations and explore the potential effect of weight loss among overweight people.

Strengths and limitations of study
----------------------------------

This study had several strengths including its large and nationally representative sample, high follow-up rate, and detailed analysis of weight change from young adulthood through midlife to late adulthood. Our study shows the importance of examining the weight change patterns in different life periods given that people are more likely to gain weight and accumulate weight rapidly from young to middle adulthood, whereas weight begins to stabilise or even decrease from middle to late adulthood.[@ref6] Furthermore, weight gain from young to middle adulthood mostly reflects accumulation of fat mass, whereas weight loss in middle and late adulthood is usually accompanied by comorbidities and a decrease in lean mass and an increase in fat mass,[@ref7] [@ref38] so the underlying mechanisms of the harmful effect of weight change in certain life periods might differ. Another strength of our research is that we adjusted for a large number of potential confounders, including socioeconomic status and lifestyle factors. However, some factors, such as physical activity, diet quality, and self reported health status at baseline, could also be mediators for the relations of weight status and weight change patterns in young and middle adulthood with mortality risk, because they could be influenced by weight status and weight changes in young adulthood.[@ref41] [@ref42] [@ref43]

Our study also has several limitations. Firstly, our approximation of middle adulthood (age range 30-80 years, interquartile range 36-56) overlapped with late adulthood (age range 40-90, interquartile range 46-66). However, in the analysis stratified by baseline age, the results remained and were even stronger in participants under 60 years old at baseline, which further confirmed that weight gain and stable obesity in younger adulthood were associated with higher mortality risk. Secondly, we used recalled and self reported weight data at age 25 years and 10 years before the baseline NHANES survey and thus misclassification bias may have been introduced. However, several validation studies and a recent meta-analysis showed that recalled early life weight could be a valid measure to use in life course epidemiological analysis.[@ref44] Thirdly, many covariates were available only at baseline, so we could not use time varying covariates to capture changes in possible confounders over time. Fourthly, we could not differentiate intentional from unintentional weight change, and additional information on reasons of weight change may enable better interpretation of the results of future studies and thus appropriate intervention strategies. Lastly, we did not evaluate the relations of changes in other adiposity related markers such as waist circumference and fat mass with mortality owing to lack of data at different time points. Further studies with repeated data on these markers may provide a more comprehensive picture of the changes in obesity status and mortality risk.

Conclusions and public health implications
------------------------------------------

Our study found that stable obesity across adulthood and weight gain from young to middle adulthood was associated with increased risks of all cause and heart disease mortality, as was weight loss in middle to late adulthood. Future studies are needed to unravel the mechanisms underlying the association between weight change across adulthood and mortality, particularly the relations of changes in body composition to mortality. In addition, as weight loss is less achievable (only 1.4% participants changed from the obese to the non-obese category from young to late adulthood), our results suggest that prevention of weight gain might be more important. Taken together, the findings indicate that maintaining normal weight throughout the adulthood, especially prevention of weight gain in early adulthood, should be encouraged to reduce risk of premature deaths. Finally, further studies are still needed to consider other health related and obesity related outcomes, and clinical trials on the long term health consequences of weight loss are also warranted.

### What is already known on this topic

1.  High body mass index in adulthood is associated with higher risk of premature death

2.  Scientific evidence on weight change from young to late adulthood or from middle to late adulthood in relation to risk of mortality is not entirely consistent

3.  Little is known about associations between weight change across adulthood, especially from young to middle adulthood, and all cause and cause specific mortality

### What this study adds

1.  Weight gain from young to middle adulthood was associated with increased risk of mortality from all causes and heart diseases in US adults

2.  Weight loss over this period was not significantly related to mortality, and people who remained obese had the highest risk of mortality

3.  Across adulthood, the association between weight gain and mortality attenuated with increasing age, whereas that with weight loss from middle to late adulthood became stronger and significant

4.  The results highlight the importance of maintaining normal weight across adulthood, especially preventing weight gain in early adulthood, for preventing premature deaths in later life
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